The anoxygenic phototrophic bacterium Rhodobacter sphaeroides uses different energy sources, depending on environmental conditions including aerobic respiration or, in the absence of oxygen, photosynthesis. Photosynthetic genes are repressed at high oxygen tension, but at intermediate levels their partial expression prepares the bacterium for using light energy. Illumination, however, enhances repression under semiaerobic conditions. Here, we describe molecular details of two proteins mediating oxygen and light control of photosynthesis-gene expression: the light-sensing antirepressor AppA and the transcriptional repressor PpsR. Our crystal structures of both proteins and their complex and hydrogen/deuterium-exchange data show that light activation of AppA-PpsR 2 affects the PpsR effector region within the complex. DNA binding studies demonstrate the formation of a light-sensitive ternary AppA-PpsR-DNA complex. We discuss implications of these results for regulation by light and oxygen, highlighting new insights into blue light-mediated signal transduction. npg
a r t i c l e s
Organisms from all kingdoms of life are able to perceive environmental stimuli required for adaptation to their habitats. The facultatively phototrophic alphaproteobacterium R. sphaeroides is remarkably versatile in adjusting its energy generation to environmental cues. Aerobic respiration is its preferred mode of deriving energy. A decrease in oxygen tension activates the expression of genes that encode components of the photosynthetic apparatus. This prepares the bacterium for using photosynthesis as an alternative energy source upon oxygen depletion. At intermediate oxygen levels, however, when photosynthesis genes are partially expressed in the dark, light inhibits the formation of the photosynthetic apparatus because the combination of oxygen and photosynthesis results in photo-oxidative stress 1 . Light and oxygen are perceived and integrated by the AppA-PpsR regulatory system, wherein PpsR is a master repressor of photosynthesis genes and AppA a light-and oxygen-sensitive antirepressor [2] [3] [4] [5] [6] [7] that can form a noncovalent AppA-PpsR 2 complex 4 .
AppA senses blue light through its N-terminal sensor of blue-light using FAD (BLUF) domain 4, 5, 8 and senses oxygen through its sensor containing heme instead of cobalamin (SCHIC) domain that also mediates the AppA-PpsR 2 interaction 6, 7 . The cysteine-rich C terminus of AppA is dispensable for oxygen sensing 7 . The multidomain protein 9 PpsR consists of three PAS domains (N-terminal (N) domain 10, 11 , PAS1 and PAS2), a glutamine-rich region (Q linker) and a helix-turn-helix (HTH) motif ( Fig. 1a) for binding palindromic DNA (TGTc-N 10 -gACA) 12 . A redox-sensitive cysteine residue in the HTH domain 13 was reported to form an intramolecular disulfide bond 4 . In addition, PpsR can interact with heme 14 .
The basis of light-dependent signaling by AppA-PpsR has remained unclear. Biochemical data suggest the formation of an AppA-PpsR 2 complex in the dark that dissociates upon illumination 4 . However, molecular details of such a mechanism are unknown; crystal 15, 16 and solution 17 structures have been determined of only the isolated BLUF domain, and this has provided limited mechanistic insights into lightinduced conformational changes 18, 19 . Therefore, we set out to obtain structural insights into the light dependence of AppA-PpsR 2 interactions and their consequences on DNA binding. Here, we present crystal structures of AppA, PpsR and an AppA-PpsR 2 core complex. On the basis of functional studies and structural analysis of light-induced changes, using hydrogen/deuterium exchange coupled to MS (HDX-MS), we propose a direct light-signaling mechanism through a ternary AppA-PpsR-DNA complex. We show that AppA-PpsR 2 stability is only mildly affected by blue light. Rather, this complex interacts with PpsRbinding sites on DNA to prevent formation of the PpsR-DNA repressor complex in a light-dependent manner. Together, these results highlight details of the molecular mechanism and provide a new model of lightmodulated regulation of photosynthesis genes in R. sphaeroides.
RESULTS

Characterization of AppA, PpsR and their complex
To understand how blue-light sensing in AppA affects DNA binding of PpsR, we generated protein constructs encompassing the domains required for protein complex formation and light-signal transduction ( Fig. 1a) . We addressed the oligomeric state of full-length PpsR, which is described as either a dimer 11 or tetramer 9 , by multiangle light scattering (MALS) analysis coupled to size-exclusion chromatography. Quantification of the average molar mass yielded ~150 kDa ( Fig. 1b) , suggesting a trimer with 51 kDa per monomer. However, pronounced peak tailing and a continuous decrease of the molar-mass signal a r t i c l e s ( Fig. 1b) suggested a dynamic equilibrium of PpsR tetramers and dimers. We quantified this transition by using microscale thermophoresis (MST; Supplementary Note) and obtained a K d of 0.9 µM for the 2 PpsR 2  PpsR 4 equilibrium on the basis of PpsR 2 concentration ( Fig. 1b , inset). If not indicated otherwise, the AppA construct used throughout this study was AppA ∆399 C20S (Supplementary Note and Supplementary Fig. 1a-d) , which is subsequently referred to as AppA ∆C . We quantified the AppA ∆C interaction with dimeric PpsR (AppA-PpsR 2 stoichiometry 4 ) by using MST and determined a K d of 1.3 µM for AppA ∆C -PpsR 2 (Fig. 1c) .
Notably, the higher kinetic stability of AppA ∆C -PpsR 2 (Supplementary Fig. 1c ) compared to PpsR 4 ( Fig. 1b ) that we observed upon gel filtration also suggests that association and dissociation kinetics influence the available concentration of molecular species, thereby affecting light sensing and DNA binding.
Illumination of AppA ∆C -PpsR 2
Unexpectedly, we observed no light-induced dissociation of AppA ∆C -PpsR 2 , as described previously 4 , in our gel-filtration experiments with continuous illumination at AppA ∆C concentrations above the K d . Instead, illumination induced changes in elution volumes for AppA ∆C and AppA ∆C -PpsR 2 , indicating conformational changes of both species (Supplementary Fig. 2a ). To circumvent the problem of limited light penetration into the column, we performed native PAGE under dark and light conditions ( Supplementary Fig. 2b,c) . These experiments confirmed the light stability of the binary complex, and we observed a retardation of AppA ∆C -PpsR 2 migration similar to that observed in the size-exclusion experiments (Supplementary Fig. 2a ). Semiquantitative evaluation of the AppA ∆C -PpsR 2 affinity ( Fig. 2a ) showed that complex stability is only mildly affected by illumination. Supplementary Fig. 3f ). Supplementary Fig. 2d,e ).
AppA modulates DNA binding of PpsR in a ternary complex
Because light activation of AppA affects PpsR-mediated transcriptional regulation, we characterized the influence of AppA on the PpsR-DNA interaction. Using electrophoretic mobility shift assays (EMSAs; Supplementary Fig. 3a ) we measured PpsR binding to a 70-base pair (bp) (named puc I) or 250-bp (puc II) DNA fragment, both containing the two palindromes of the R. sphaeroides puc promoter, which controls expression of the pucBAC gene cluster (GenBank X68796), and differing only in their extensions. Semiquantitative data evaluation showed the characteristic cooperative binding ( Fig. 2b ) described previously 4, 6 .
Using the Hill equation, we obtained an EC 50 of 1 µM and a Hill coefficient of 4.3 ± 0.3 for DNA binding, which corresponds to the theoretical maximum for the four binding sites present in two puc palindromes. Four HTH motifs provided by a PpsR tetramer are theoretically sufficient to interact with all four binding sites; however, an active site titration of PpsR with DNA ( Fig. 2b, inset and Supplementary Fig. 3b ) indicated that eight PpsR molecules are required for saturation of puc II.
To characterize the influence of AppA on DNA-binding properties of PpsR, we tested different concentrations of AppA ∆C . Below 1 µM AppA ∆C (Supplementary Fig. 3c ), the apparent affinity of PpsR for puc I was slightly reduced compared to that of PpsR in the absence of AppA ∆C , as reported previously 4, 6 . Of note, we observed an additional faint band, and increasing the AppA ∆C concentration to 1.5 µM resulted in an increase in intensity of this newly observed species that indicated the formation of a ternary AppA ∆C -PpsR-puc I complex ( Fig. 2c and Supplementary Fig. 3d ). Even an excess of PpsR was not able to compete with AppA ∆C -PpsR 2 for DNA, which suggests a higher affinity or higher kinetic stability of the ternary complex. A comparison of the transitions from free to bound DNA (~0.5-1.5 µM compared to ~0.25-2.5 µM PpsR for PpsR 8 and AppA ∆C -PpsR 2 , respectively; Supplementary Fig. 3a compared to Fig. 2c ) demonstrates that the ternary complex is formed at lower PpsR concentrations than those for PpsR 8 and that AppA ∆C -PpsR 2 binding to DNA shows reduced cooperativity.
Illumination reduces the affinity of AppA ∆C -PpsR 2 for DNA
Whereas previous studies propose light-induced AppA-PpsR 2 dissociation 4 , our new results indicating only a subtle light response of the binary complex and the observation of an AppA-PpsR 2 -puc complex warrant analysis of the light influence on this ternary system. To that end, we compared EMSAs performed with varying concentrations of the individual components under dark ( Fig. 2c) and light ( Fig. 2d) conditions. At 1.5 µM AppA ∆C and increasing concentrations of PpsR, the fraction of PpsR-bound DNA increased upon illumination ( Fig. 2d) , owing to the light-dependent dissociation of AppA ∆C -PpsR 2 (Supplementary Fig. 3e ), as suggested previously 4 . However, similar experiments with higher AppA ∆C concentrations (5 µM AppA ∆C and 3 µM PpsR, to induce formation of the binary complex irrespective of light) demonstrated that illumination reduces the affinity of AppA ∆C -PpsR 2 for DNA ( Fig. 2e and Supplementary Fig. 3f ). This is shown by the disappearance of the ternary complex and a smear indicating free DNA that would then be available to uncomplexed npg a r t i c l e s PpsR (5 µM AppA ∆C and13 µM PpsR) for binding ( Fig. 2e) . This again highlights the importance of the kinetic stability of different species involved in the light response. A detailed analysis of ternary-complex illumination at AppA ∆C concentrations (20 µM) enabling formation of AppA ∆C -PpsR 2 throughout the PpsR titration range (0-30 µM; Fig. 2f ) showed that stable ternary-complex formation occurs only at one order of magnitude higher PpsR concentrations compared to those under dark conditions ( Fig. 2c) . However, a quantitative comparison is complicated because the cooperativity of DNA binding and the kinetics of ternary complex disassembly are affected by illumination.
The AppA ∆C structure supports the dual-sensor model To identify elements affected by illumination, we solved the crystal structure of AppA ∆C to 2.6-Å resolution ( Table 1) , revealing molecular details beyond the BLUF domain. (Schematic and cartoon representation of the overall structure is shown in Fig. 3a,b and Supplementary Fig. 4 .) The core BLUF domain closely resembles the structure of the isolated domain (r.m.s. deviation 0.3 Å to AppA BLUF 1-124 (ref. 16) ). In particular, strand β5 B_A (in notation in which subscripts denote the domain and the protein: B, BLUF; H, 4HB; S, SCHIC; A, AppA; N, N domain; 1, PAS1; 2, PAS2; P, PpsR) displays a kink corresponding to the tryptophan-out conformation 16 . Notably, Trp104 is sandwiched between the core β-sheet of the BLUF domain and an amphipathic helix (amino acid (aa) 141-162) capping this β-sheet ( Fig. 3c) . To exclude that the C20S substitution causes the tryptophan-out orientation, we solved the AppA ∆399 wild-type structure (PDB 4HH1) showing an identical Trp104 conformation. The linker between the BLUF and SCHIC domains consists of the BLUF capping helix, some stretches without secondary-structure elements and a four-helix bundle (4HB). The SCHIC domain has a flavodoxin-like fold, as expected from its relationship with the cobalamin-binding superfamily 7 . Structural details of the SCHIC domain are described (Supplementary Note and Supplementary  Fig. 4b) . A notable feature of the AppA ∆C structure is the weak interaction between the BLUF and SCHIC domains. A surface representation ( Supplementary Fig. 4c ) suggests that both domains use the linker region and the 4HB as 'binding platforms' without strong interactions at the BLUF-SCHIC interface. This is in line with the current view that AppA integrates two stimuli and communicates them to PpsR.
Illumination affects central elements of the BLUF domain
Comparative HDX experiments performed under identical experimental conditions for two states of a protein provide information on structural differences. Therefore, HDX is ideally suited for complementing crystallographic studies in terms of AppA-PpsR 2 complex formation and illumination. In addition, differences in deuterium exchange kinetics correlate with secondary-structure stability (Supplementary Note and Fig. 3d ).
In the overall structure of AppA ∆C (Fig. 3e) , changes in deuterium uptake at initial time points are restricted to the BLUF domain and the capping helix. A substantial stabilization upon illumination is observed for the (α1-β2) B_A element, involving Ser41 and Asn45, which interact with the flavin cofactor, and the β5 B_A strand containing Met106. Notably, the central part of the capping helix becomes slightly destabilized upon illumination, which suggests its involvement in light-signal integration. 
The importance of PAS domains for oligomerization of PpsR
To obtain a better understanding of PpsR, we set out to determine its structure. We crystallized a construct lacking the HTH motif (PpsR ∆HTH ; Fig. 4a ) and determined the structure to 2.8-Å resolution ( Table 1) . This revealed a tetrameric assembly of the triple PAS protein in the asymmetric unit (Fig. 4b) , which is composed of two antiparallel dimers, each with a parallel dimerization interface ranging from the N domain through the α-helical Q linker (αQ) to the PAS1 domain. Although the PAS2 domains also form a homodimer, the overall dimer symmetry is broken, owing to interaction of the PAS2 domains with αQ of the other dimer. On the basis of the C termini of the PAS2 domains, the position of the HTH motif is expected to be close to αQ of the second dimer ( Fig. 4c and Supplementary Fig. 5 ), and this might contribute to the strong evolutionary conservation of this region (Supplementary Fig. 6a) . Although structural rearrangements upon DNA binding cannot be excluded, the distant positioning of two HTH dimers in the tetramer is unlikely to cause efficient binding of puc palindromes that are separated by a half turn of the DNA double helix. Notably, αQ provides another antiparallel oligomerization interface with a symmetry-related tetramer, thereby forming an octameric assembly ( Supplementary  Fig. 5a,b) . In this case, the proposed location of the HTH motifs would be ideally positioned for DNA binding (Fig. 4c) , and this explains the cooperativity and the 1:8 stoichiometry of puc-PpsR binding, as derived from our active site titration.
AppA ∆C -PpsR 2 formation affects elements of light signaling
We addressed structural changes of AppA ∆C -PpsR 2 formation and illumination by HDX ( Fig. 4d-g) . The complex formation-induced changes in deuterium exchange, as mapped onto the structures (Fig. 4d,f) , show a pronounced stabilization of the 4HB and the BLUF capping helix in AppA ∆C . In addition, the N-terminal region of SCHIC, extending from the linker to the 4HB through (β1, α1, β2 to α2) S_A , experiences a reduction in deuterium exchange upon complex formation. Several of these elements show above-average deuterium incorporation in free AppA ∆C (Fig. 3d) . Notably, not only the capping helix but also additional light-responsive BLUF elements show changes upon complex formation. Whereas the (α1-β2) B_A region is destabilized in the presence of PpsR, the β5 B_A strand shows a similar stabilization to that observed upon illumination. In addition, the (β1-α1) B_A and (β5-capping helix) B_A loop regions become stabilized upon complex formation.
Deuterium-incorporation characteristics of PpsR alone (Supplementary Fig. 6b ) demonstrated that, similarly to AppA, regions involved in complex formation (Fig. 4f) belong to elements with aboveaverage deuterium incorporation. This is most pronounced for parts Fig. 6c ). This extreme form of deuterium exchange is caused by a faster chemical exchange rate of free PpsR compared to the reassociation kinetics of the protected AppA ∆C -PpsR 2 species. This is supported by HDX experiments performed with different AppA concentrations ( Supplementary Fig. 6d-f) . Analysis of the titration curve, using the law of mass action, provided a K d estimate of ~1.5 µM, in agreement with our MST data. We observed additional elements with pronounced stabilization in the N domain, including loops around α1 N_P and α3 N_P . Similarly, β4 1_P and β5 1_P and their connecting loop become stabilized upon complex formation. Notably, the PAS2 domain behaves oppositely, and complex formation leads to destabilization of the α3 2_P , β4 2_P and β5 2_P elements. Given the AppA-PpsR 2 stoichiometry, this supports a role of this region in PpsR homotetramerization as seen in the crystal structure (Fig. 4b) . In addition, this suggests that an interaction interface of AppA on αQ prevents PpsR oligomerization by blocking the PAS2-binding site. The HTH region ( Fig. 5a-e) shows merely subthreshold stabilization upon complex formation, and this indicates that AppA ∆C does not prevent DNA binding of PpsR by interacting with the HTH motif. HDX measurements of light-adapted AppA ∆C -PpsR 2 additionally support the notion that illumination does not lead to complex dissociation ( Fig. 4e,g) , owing to sustained stabilization of αQ and the N and PAS1 elements described above. αQ shows only ~10% of the stabilization upon complex formation, and this can be explained with a small, light-induced reduction in AppA-PpsR 2 concentration due to experimental conditions limiting light-independent saturation of the binary system ( Fig. 2a) . Therefore, the N-Q-PAS1 domains of PpsR form a light-independent core-binding interface with AppA. The PAS2 domain, in contrast, shows partial reversibility of the changes observed upon complex formation. Moreover, the C-terminal HTH motif is pronouncedly stabilized and shows EX1-like kinetics for peptides from this region (Fig. 5b) . The observation of a bimodal distribution points to the presence of an AppA ∆C -PpsR 2 species with the HTH motif in a conformation different to dark-adapted complex or free PpsR. This might originate either from a light-state AppA-induced HTH dimerization or from interaction with light-responsive AppA elements.
HDX changes induced by illumination of PpsR-complexed AppA ∆C are clustered around the BLUF domain and partially correspond to observations of isolated AppA ∆C . The (α1-β2) B_A region shows substantial stabilization, whereas the central part of the capping helix partially reverts to a more flexible state ( Fig. 5f-j) . Apart from these changes, only the region between the pairs of helices in the 4HB (aa 213-222) is destabilized. The remaining elements in the 4HB and the SCHIC domain are unaffected by illumination and therefore belong to the core interface defined for PpsR above. Notably, the observation of light-responsive elements from the BLUF core through the capping helix to PAS2 and the DNA-binding HTH motif provides a basis for direct light regulation in the binary complex.
The complex structure suggests BLUF and PAS2-HTH proximity
On the basis of core-complex regions identified by HDX, we generated corresponding constructs of AppA (4HB-SCHIC) and PpsR a r t i c l e s (N-Q-PAS1). We crystallized their complex and determined its structure to 1.75-Å resolution ( Table 1) . The observed assembly matches the AppA-PpsR 2 stoichiometry and confirms the binding of AppA to αQ (Fig. 6a) .
Additional interactions of AppA with the N and PAS1 domains of different PpsR protomers lead to a pronounced rotation of ~70° of the PAS1-domain dimer along the αQ axis and explain the observed asymmetry of the complex. Details of the complex interface accord well with our HDX results (Fig. 6b) . The pronounced stabilization in the (α3-β3) N_P region can be explained by the observed contact with (α3-α4) H_A . Similarly, αQ interacts with α4 H_A and the linker region to the SCHIC domain including (α1 and β2) S_A . In addition, (β4 1 -β5 1 ) 1_P is sandwiched between the connecting loop of the 4HB to the SCHIC domain and (α1-β2-α2) S_A . The interactions observed in the core complex fully explain the stabilization of all PpsR elements observed by HDX, suggesting that the BLUF domain does not interact extensively with PpsR. Rather, we propose that AppA elements that are stabilized upon complex formation but do not contact PpsR, that is, (α1-α2) H_A and the BLUF capping helix, are stabilized internally. Notably, these elements are also in proximity in the AppA ∆C crystal structure. Combined with the observation that the arrangement of the 4HB and the SCHIC domain is almost identical in the isolated and complex structures (r.m.s. deviation 0.6 Å), it is likely that the AppA ∆C structure resembles that of AppA stabilized upon PpsR binding. We therefore combined the complex structure with the PpsR ∆HTH and AppA ∆C structures (Fig. 6c ).
In this model, the BLUF domain approaches the PAS2-HTH region of PpsR, which can explain the direct transmission of light-induced changes from the photoreceptor to the PAS2-HTH region that we observed by HDX (Supplementary Figs. 7 and 8) .
In addition, the close positioning of the BLUF domain and the DNAbinding element is probably responsible for the light-induced destabilization of the ternary complex observed in EMSAs.
DISCUSSION
The AppA-PpsR system serves as a master regulator of R. sphaeroides photosynthesis genes in response to oxygen and light. Our studies on AppA, PpsR and their cognate DNA provide detailed functional and structural insights for both proteins and their complexes, with implications for their biological function. The crystal structure of the transcriptional repressor PpsR reveals an intricate tetrameric assembly composed of two head-to-tail PpsR dimers. Both the N and the PAS1 domains form homodimers between which αQ forms a coiled coil-like structure that serves as binding site for either PAS2 domains of another PpsR dimer, which would lead to tetramer formation, or the AppA light sensor, which would result in formation of an AppA-PpsR 2 complex 4 . The relevance of the PpsR tetramer is supported by the evolutionary conservation of the interaction between α3 2_P and αQ. However, the tetramer architecture cannot explain the highly cooperative DNA-binding mode observed for PpsR, because of the large distance between HTH dimers. In addition, active site titration data support an octameric PpsR species for DNA binding. Such an assembly is mediated by αQ of symmetry-related tetramers, and it brings two HTH dimers into proximity, thus allowing them to cooperatively bind target promoter sequences. The DNA binding of PpsR octamers was also proposed for homologs from Bradyrhizobium 21 .
The importance of these oligomeric states is further supported by the requirement of the N domain for DNA binding of PpsR in vivo 9 and in vitro 11 . On the basis of the PpsR structure, this requirement can be rationalized by the impaired dimer and tetramer formation of constructs lacking the N domain, as suggested previously 11 , a consequence that would also affect octamer formation. In R. sphaeroides, the action of PpsR is modulated by the antirepressor AppA. The two proteins form a complex in vitro and in vivo 3, 4 to enable light-and oxygen-dependent regulation of gene expression. Previously, it was suggested that photon absorption by the AppA BLUF domain triggers dissociation of AppA-PpsR 2 (ref. 4) . This model is based on gelfiltration data in which AppA, PpsR and their complex are observed in comparable quantities, a result indicating experimental conditions close to the K d of the complex. In this case, even subtle changes in affinity would lead to pronounced differences in the relative amounts of involved species. This interpretation is supported by the reduced, but not eliminated, fraction of complex upon illumination 4 . Analogous experiments using AppA concentrations above the K d of AppA-PpsR 2 resulted in no dissociation; moreover, native PAGE and HDX data also did not support substantial light-induced dissociation of the complex. Rather, our data indicate a small light-dependent decrease of AppA-PpsR 2 affinity. By combining structural and HDX data, we identified a light-independent core-binding interface consisting of the 4HB and the SCHIC domain of AppA and the N-Q-PAS1 region of PpsR. Illumination influences the BLUF domain and capping helix of AppA and the HTH motif of PpsR, which supports a light-signaling pathway through allosteric structural changes. This hypothesis is supported by the fact that the AppA-PpsR 2 complex also binds the PpsR-binding sites on DNA. This binding indicates structural 'preorganization' of AppA and PpsR in their complex, which would promote ternary complex formation and thereby reflect a form of configurational cooperativity 22 . In contrast to the original binary description of PpsR binding to DNA as a repressor, the introduction of a third component enables different properties of potential DNA complexes (PpsR 8 -DNA compared to AppA-PpsR 2 -DNA), and this probably reduces repressive strength and thereby promotes photosynthesis-gene expression. Furthermore, light modulation of AppA-PpsR 2 -DNA affinity in addition to the subtle light-induced dissociation of AppA-PpsR 2 potentially enhances in vivo control. In particular, the concentration-dependent competition of the ternary complex with DNA binding of PpsR provides a fine-tunable control system responding to illumination over a wider range of protein concentrations. Notably, AppA and PpsR expression levels are inversely regulated in response to changing oxygen levels 23 . This results from the interplay between the PrrB-A and AppA-PpsR regulatory cascades in which the transcriptional regulator PrrA was shown to positively affect AppA expression upon transition from aerobic to anaerobic conditions 23, 24 . These oxygen-induced changes in concentration may be sufficient to explain in vivo regulation in response to changing light and oxygen levels by the ternary system. Because the cellular concentrations of AppA and PpsR are not known, we cannot exclude a regulatory mechanism based on complex dissociation at concentrations close to the K d under in vivo conditions. However, ternary-complex formation occurs at lower concentrations of PpsR and therefore increases the potential for transcriptional regulation as described above. In the new model, the light-dependent repressive effect of AppA under semiaerobic conditions 6, 25 is explained by the interference of BLUF elements with the HTH motif of PpsR. This reduces AppA-PpsR 2 affinity for DNA and enables excess PpsR to bind promoter sequences (Fig. 7) . This mechanism is consistent with observations under anaerobic conditions in which light-induced repression was demonstrated for a strain lacking the PrrB activator 25 .
Our study describes the first detailed structural characterization, to our knowledge, of a BLUF protein in complex with its noncovalent effector. We revealed molecular details of their interaction interface and also provided structural details of the linker region C-terminal to the BLUF domain and its importance for light-regulated modulation of DNA binding. Our study contributes to a better understanding of the modularity and details of the signaling process of the BLUF photoreceptor family. Previously published crystal structures of the AppA BLUF domain show two different conformations of strand β5 that result in either Trp104 (ref. 15) or Met106 (ref. 16 ) being positioned in the vicinity of the flavin chromophore, a result that might originate from the use of different protein constructs 26 . These observations suggested different mechanisms for the photoreaction and spurred a controversy over the dark-state structure of AppA and other BLUF proteins (reviewed in ref. 27 ). Our AppA ∆C structure confirmed that the dark-state conformation features Met106 close to the flavin cofactor and Trp104 in the 'out' conformation 16 in which it contacts residues of the newly observed BLUF capping helix, which interacts with residues of β5 and the BLUF core β-sheet. HDX experiments showed that these structural elements are affected by illumination, which is in line with previous NMR experiments 17, 19 and theoretical and spectroscopic studies 26,28 on the AppA BLUF domain.
Combined with information from other BLUF proteins, common aspects of light-induced changes in the vicinity of the flavin cofactor are emerging that suggest that the β-sheet (especially β5) and the C-terminal extensions of BLUFs are important for signal transduction (reviewed in ref. 27 ). Because HDX is not limited by the size of the system, we also addressed the structural changes in AppA-PpsR 2 . Our results showed that complex formation is a prerequisite for structuring the C-terminal extension of BLUF, which experiences a pronounced destabilization upon illumination. This increased flexibility enables the BLUF domain to interfere with DNA binding of the complex, which is in line with in vivo data demonstrating restoration of light signaling upon complementation of a system containing BLUF-free AppA with BLUF provided in trans 29 .
The requirement of a preformed complex for light signaling is of general interest not only for BLUF proteins but also for other photoreceptor families. So far, one system comprising a BLUF and an effector domain was characterized structurally and functionally: the light-regulated cyclic di-GMP phosphodiesterase BlrP1 (ref. 30) . Although some elements involved in transmitting the signal to the effector domain are conserved between BlrP1 and AppA, the arrangement of the C-terminal extensions of the BLUF domains differ substantially. BlrP1 represents a BLUF system that is covalently tethered to its effector; however, the majority of BLUF domains signal through noncovalent interaction 8 . One such system, the BLUF protein PixD and its partner PixE, involved in phototaxis control, has been the a r t i c l e s subject of detailed molecular and physiological characterization 31, 32 . Common aspects of light signaling in the family have, so far, not been described, and details of the noncovalent interactions are not known for the majority of BLUF proteins. However, knowledge of the complex interface appears to be critical for addressing structural changes and elucidating how the light signal is transmitted to the effector. The structural characterization of AppA-PpsR 2 not only provides new information in this direction but also highlights an important caveat. Crystal structures obtained from isolated domains need to be interpreted with caution because effector-binding regions may be unstructured without an interaction partner. Combining these results with other currently investigated BLUF systems will allow a separation of system-specific aspects of signal transduction from common features involved in BLUF signaling, and this will be useful in the rational design of artificial BLUF-based photosensors with application in the growing field of optogenetics 33 .
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Coordinates and structure factors have been deposited in the Protein Data Bank, with accession codes 4HH0 for AppA ∆C , 4HH1 for wild-type AppA ∆399, 4HH2 for PpsR ∆HTH and 4HH3 for the AppA-PpsR 2 core complex.
Note: Supplementary information is available in the online version of the paper.
